Replication stress is a primary threat to genome stability and has been implicated in 23 tumorigenesis 1,2 . Common fragile sites (CFSs) are loci hypersensitive to replication stress 3 24 and are hotspots for chromosomal rearrangements in cancers 4 . CFSs replicate late in S-phase 3 , 25 are cell-type dependent 4-6 and nest within very large genes 4,7-9 . The mechanisms responsible 26 for CFS instability are still discussed, notably the relative impact of transcription-replication 27 conflicts 7,8,10 versus their low density in replication initiation events 5,6 . Here we address the 28 relationships between transcription, replication, gene size and instability by manipulating the 29 transcription of three endogenous large genes, two in chicken and one in human cells. 30
3 profile resulted in a redistribution of termination events. Active DMD remained late-73 replicating ( Fig. 1f ), confirming that transcription per se is not sufficient to impose early 74 replication 19, 20 . Thus, our results show that transcription modulates origin distribution, in line 75 with recent analyses [21] [22] [23] , and account for the frequent localization of origins near transcription 76 start sites 24, 25 . In addition, activation of DMD transcription specifically increased fork speed 77 along the DMD locus ( Fig. 1g ). One hypothesis is that transcription could regulate chromatin 78 permissiveness to fork progression. Consistently, chromatin factors like the histone chaperone 79 FACT (Facilitates Chromatin Transcription), which participates in the disassembly of the 80 nucleosomes upstream of the RNA polymerase, influence the rate of fork progression on in 81 vitro reconstituted chromatin templates 26 . 82
We next modulated the transcription of the 616 kb-long CCSER1 gene in DT40 cells (Fig. 2) . 83 CCSER1 is transcribed ( Fig. 2a ) and is one of the most fragile regions of the DT40 genome 84 upon aphidicolin treatment ( Fig. 2b and 4 ). We enhanced CCSER1 transcription by placing 85 both alleles of the gene under the control of the strong chicken β-actin promoter 86 ( Supplementary Fig. 4 ). Unexpectedly, the ensuing ≈20 fold increase in CCSER1 transcription 87 ( Fig. 2a and Supplementary Fig. 4f ) was accompanied by a dramatic reduction of aphidicolin-88 induced CCSER1 instability ( Fig. 2b) . To understand why, we compared CCSER1 replication 89 in WT and CCSER1 βa/βa cells ( Fig. 2c -g, Supplementary Fig. 3b and Supplementary Table 1 ). 90 A strong initiation zone overlapped CCSER1 promoter region in WT cells, with some 91 additional initiation events apparently randomly distributed along the gene (Fig. 2c) . 92 Importantly, CCSER1 overexpression further favoured initiation in the promoter region at the 93 expense of the rest of the gene (Fig. 2d ). In addition, termination events clustered in the third 94 quarter of CCSER1 in CCSER1 βa/βa cells ( Fig. 2d ), suggesting that CCSER1 βa allele was 95 mainly replicated by forks proceeding inward from the initiation zone located upstream of the DMD, our results therefore demonstrate that transcription quantitatively dictates the 98 replication initiation program of active large genes, as well as the ensuing termination profile. 99
In agreement with the results obtained for DMD, enhancing CCSER1 transcription also 100 significantly increased fork velocity inside the locus (Fig. 2g) . 101
Remarkably, CCSER1 overexpression advanced the replication time of the 5' part of the gene, 102 which shifted from mid (S2/S3 fractions) to early S-phase (S1/S2 fractions) ( Fig. 2f ). It also 103 markedly advanced the replication time of the 3' end of CCSER1 and its flanking region ( Fig.  104 2f). These data are consistent with those obtained by combing ( Fig. 2d ), reciprocally 105 validating each other and further supporting that transcription, at least at a sufficient level, 106 stimulates initiation both upstream and downstream of large genes. One intriguing possibility 107 is that the coordinated timing shift observed in 5' and 3' of CCSER1 upon overexpression 108 might be mediated by long-range chromatin interactions. Advanced initiation at both ends of 109 CCSER1 collectively led to a replication timing shift of the whole CCSER1 locus in 110 CCSER1 βa/βa cells, mainly from late (S4 fraction) to mid-late (S3/S4 fractions) S-phase ( Fig.  111 2e, f). These results suggest that the stability of CCSER1 βa alleles stems from the 112 advancement of replication timing induced by the strong increase in transcription, which 113 gives cells more time to complete replication before entering mitosis. Together with the data 114 obtained for DMD, they also suggest that only high transcription levels may be capable of 115 advancing the replication timing of large genes. 116
To test this hypothesis, we used the β-actin promoter in place of the Tet-promoter to increase 117 DMD transcription ( Supplementary Fig. 5a -f). We failed to recover homozygous cells but 118 heterozygous DMD +/βa cells were alive and exhibited no growth defect ( Supplementary Fig.  119 5g). We therefore compared these cells to heterozygous DMD +/Tet cells treated with 120 tetracycline (Fig. 3) . DMD transcription was ≈10 times higher in DMD +/βa than in DMD +/Tet 121 cells ( Fig. 3a and Supplementary Fig. 5h ) yet, in line with CCSER1 results, DMD was two-6 fold less fragile upon aphidicolin exposure (Fig. 3b ). As anticipated, we detected a strong 123 shift to earlier replication timing at the β-actin promoter insertion site, from S4 to S2/S3 124 fractions ( Fig. 3c, d) . 125
Finally, we sought to extend our conclusions to FRA3B, the archetypal human CFS nested in 126 the 1.5-Mb-long FHIT tumour suppressor gene 27 (Fig. 4) . We used the CRISPR-Cas9 system 127 to up-regulate FHIT transcription in HCT116 epithelial cells, where FRA3B is the most active 128 CFS 4 ( Supplementary Fig. 6 ). FHIT promoter region was substituted on both alleles with a 129 cassette containing the strong human EF1α promoter ( Supplementary Fig. 6 ), which resulted 130 in a ≈20 fold increase in FHIT mRNA levels ( Fig. 4a ). This increase elicited a massive 131 reduction of FRA3B instability upon aphidicolin treatment (Fig. 4b ) accompanied by a shift to 132 earlier replication of the FHIT locus, from late (S3/S4 fractions) to mid S-phase (S2/S3 133 fractions) ( Fig. 4c, d ). Thus, data from human cells are perfectly in agreement with those from 134 DT40 cells, further substantiating that transcription directly and quantitatively influences the 135 replication time of large genes and that advancing replication timing protects active large 136 genes from fragility. Interestingly, the 5' and 3' ends of FHIT replicated earlier than its 137 central part in WT cells ( Fig. 4c ). This profile is accentuated in FHIT EF1α/EF1α cells ( Fig. 4d ), 138 reminiscent of the replication timing profile of CCSER1 βa alleles (Fig. 2f ). These results 139 confirm that high levels of transcription favour advanced initiation of replication both 5' and 140 3' of active large genes, contributing to an earlier replication of the entire locus. Noticeably, it 141 has been reported that the insertion in the genome of DT40 cells of the strong β-actin 142 promoter upstream of the 423 bp-long blasticidin resistance gene has little impact on the 143 replication timing of the targeted chromosomal region 19 , suggesting that transcription-144 dependent shift in timing may be limited to genes over a certain size. 145
We show here that the degree of instability of large genes upon replication stress relies on 146 their transcription level in an atypical way, with low transcription being more deleterious than 147 high transcription levels. Strikingly, while cause-and-effect relationships between 148 transcriptional regulation and replication timing have fuelled an intense debate 28 , we 149 demonstrate that transcription regulates replication timing in a quantitative rather than 150 qualitative manner. Noticeably, high levels of transcription advance the replication time from 151 late to mid S-phase of all the three large genes that we studied and protect them from 152 replication stress-induced breaks, which establishes a causal role for late replication timing in 153 CFS instability. The high transcriptional-level dependent shift in replication timing most 154 likely gives cells more time to complete replication prior to the onset of mitosis. Importantly, 155 it was observed in multiple cell types that active large genes are generally transcribed at low 156 levels 8,9 and, accordingly, tend to replicate late during S-phase 8 . Our results are therefore in 157 line with recent genome-wide analyses concluding that CFSs specifically correspond to large, 158 transcribed, late-replicating genes and also explain why not all transcribed large genes are 159 fragile 4,29 . 160
The role of transcription in origin distribution observed for both DMD and CCSER1 prompted 161 us to propose that initiation-poor regions and associated long-travelling forks observed in 162 CFSs 3,5,6 actually originate from and reflect the transcription of the cognate large genes. 163
Whether CFS instability results from transcription-driven paucity in initiation events or 164 transcription-dependent formation of barriers impeding fork progression or both phenomena 165 remains to be determined. 166
In conclusion, while transcription is considered today as a primary threat to genome stability, 167 our study reveals complex relationships between transcription, replication and chromosome 168 fragility. The multifaceted impact of transcription on replication calls for a careful assessment Constructs. Targeting constructs for homologous recombination in DT40 cells were created 296 from LoxP vectors 1 using standard molecular biology and cloning protocols. ≈2 kb-long 5' 297 and 3' homology regions were amplified from DT40 genomic DNA with primers listed in 298 Supplementary Table 2 . The chicken β-actin promoter was synthesized by GeneScript. All 299 constructs were checked for mutations by sequencing. Guide RNAs targeting FHIT promoter 300 (gRNA1: GCCAAATGCCATGTGGGTGC; gRNA2: TCAATTTAGATTTCGGCTTC) were 301 designed using the gRNA design tool from DNA2.0. gRNA/Cas9 plasmid containing 302 sequences for the two gRNAs and wtCas9 was synthesized by DNA2.0. ≈1 kb-long 5' and 3' 303 homology regions flanking the CRISPR/Cas9 cutting sites were amplified from RP11-304 137N22 BAC with primers listed in Supplementary Table 2 Table 2 . Probes used for Southern blot were amplified from the targeting constructs using 316 primers listed in Supplementary Table 2 . The 2-log DNA ladder (NEB) was used as 317 molecular-weight size marker for agarose gel electrophoresis except in Supplementary Fig. 1f exponentially growing DT40 cells were treated for 1 h with 0.5 mM EU. EU-labelled RNA 377 was captured using the Click-iT Nascent RNA Capture kit (Invitrogen) according to the 378 manufacturer's instructions. Briefly, 1 µg of total RNA was biotinylated thanks to the click 379 reaction between EU and azide-modified biotin, then purified using streptavidin magnetic 380 beads. Nascent RNAs were reverse-transcribed on the beads using Superscript kit 381 (Invitrogen). Real-time quantitative PCR reactions were performed as described above for 382 DT40 samples using intra-intronic primers listed in Supplementary Table 3 were prepared according to standard cytogenetic procedures after a 3 h treatment with 0.1 388 µg.mL -1 colcemid for DT40 cells and a 2 h treatment with 100 nM nocodazol for HCT116 389 cells. For untreated DT40 cells, metaphase spreads were prepared after a 1.5 h treatment with 390 0.1 µg.mL -1 colcemid. 391
For DT40 FISH analyses, probes correspond to adjacent 5 kb-long PCR products spread over 392 ≈50 kb delimiting DMD, CCSER1 or PARK2 genes (see probe coordinates in Supplementary 393 Table 4 ); probes were amplified from DT40 genomic DNA with primers listed in 394 Supplementary Table 4 . Probes were labelled either with biotin using the BioPrime DNA 395 labelling system (Invitrogen) or with digoxigenin using the DIG DNA labelling mix (Roche) 396 and subsequently purified on Illustra ProbeQuant G-50 Micro Columns (GE Healthcare).
FISH was performed essentially as described 3 without the proteinase K step and using 75 ng 398 of each probe. Chicken Hybloc DNA (Amplitech) was used as a repetitive sequence 399 competitor DNA. Immunodetection was performed by successive incubations in the following 400 reagents: (i) for biotinylated probes, (1) Alexa Fluor 555-conjugated streptavidin (Invitrogen), 401
(2) biotin-conjugated rabbit anti-streptavidin (Rockland Immunochemicals), (3) Alexa Fluor 402 555-conjugated streptavidin (Invitrogen) (ii) for digoxigenin-labelled probes, (1) FITC-403 conjugated mouse anti-digoxin (Jackson ImmunoResearch), (2) Alexa Fluor 488-conjugated 404 goat anti-mouse (Invitrogen). Chromosomes were counterstained with 49,6-diamidino-2-405 phenylindole (DAPI) (Vectashield mounting medium for fluorescence with DAPI; Vector 406 Laboratories) and metaphases were observed by fluorescence microscopy. Aphidicolin-407 induced breaks at the 679.5 kb-long PARK2 gene were used as a control to demonstrate that 408 modulation of DMD or CCSER1 transcription specifically impacts the fragility of those genes 409 and that the limited perturbations of cell physiology observed in CCSER1 βa/βa cells 410 ( Supplementary Fig. 4d All primer pairs used for replication timing analyses are listed in Supplementary Table 6 . 475 476 DNA-combing. Neo-synthesized DNA was labelled as described 5 with the following 477 changes: exponentially growing DT40 cells were pulse-labelled for 20 min with 20 µM 478 iododeoxyuridine (IdU) followed by a 20 min pulse with 100 µM chlorodeoxyuridine (CldU), 479 then by a 5 min chase with 1 mM thymidine. Genomic DNA was extracted and combing was 480 performed on silanized coverslips prepared by plasma cleaning and liquid-phase silanization 481 as described 6,7 using a Genomic Vision apparatus. 482 483 FISH on combed DNA and immunofluorescence detection of neo-synthesized DNA. 484
Morse-codes were designed as described 8 to specifically identify DNA molecules spanning 485 the DMD or CCSER1 loci. Morse-code probes correspond to a collection of ≈5 kb-long PCR 486 products spread all over the locus of interest, separated by precise distances and divided into 487 voluntarily different and asymmetrical patterns to correctly orient the DNA fibre. Morse-488 codes for DMD and CCSER1 detection are made of 32 probes and 27 probes, respectively. 489 PCR products were prepared and labelled with biotin as described above for FISH on 490 metaphases. Primer pairs used are listed in Supplementary Table 7 . Hybridization of the 491 probes was carried out as described previously 5 . Immunodetection was performed by 492 successive incubations in the following reagents: (1) Alexa Fluor 488-conjugated streptavidin 493 CCSER1 loci, two overlays of images were set up for each microscope field. The first one 514 combined the IdU/CldU and FISH signals to identify the fibres of interest, replicating or not. 515
The second overlay combined the IdU, FISH and DNA signals to determine the length of the 516 DNA fibre bearing the Morse-code. DNA counterstaining was systematically used to ensure 517 (i) that several fibres are not overlapping (ii) that replication signals belong to the same fibre 518 and (iii) that replication signals are intact. 519
bearing Morse-code signals were modelled and aligned on a schematic representation of the 523 DMD or CCSER1 loci using Adobe Illustrator CS5.1. Graphical representations of DMD and 524 CCSER1 were drawn based on the locus length, the theoretical ≈2 kb/µm stretching factor of 525 the combing apparatus indicated by the manufacturer, and the resolution of the camera at a 526 magnification of X63 (0.1024 µm/pixel). For instance, the 996,168 bp DMD gene 527 corresponded to 996.168/2/0.1024=4864.1 pixels. Morse-code probes were used to calculate 528 the actual stretching factor of each DNA molecule by comparing the length of the fibre 529 imaged with the microscope with the theoretical length defined according to the position of 530 the probes. Overall, we found a mean stretching factor of 1.93 kb/µm, which is extremely 531 close to the expected value of 2 kb/µm. Still, the stretching factor of individual fibres 532 fluctuated from 1.7 to 2.4 kb/µm. Therefore, to prevent that variations in the stretching of the 533 DNA molecules during the combing step introduce a bias in tract measurement, the lengths of 534 IdU and CldU tracts were normalized by the stretching factor of the DNA fibre on which they 535 were located. For bulk genome analyses, the lengths of IdU and CldU tracts were normalized 536 by the mean stretching factor calculated when analyzing DMD or CCSER1 loci using the 537 exact same sample and coverslip batch. Replication fork speed was then estimated on 538 individual forks as (i) the ratio (l Idu +l CldU )/(t IdU +t CldU ) for forks displaying an intact IdU tract 539 flanked on one side by an intact CldU tract, (ii) the ratio l Idu /t IdU for forks with an intact IdU 540 signal flanked on one side by a broken CldU signal and (iii) the ratio l Cldu /t CldU for forks with 541 an intact CldU signal flanked on one side by a broken IdU signal, with l IdU and t IdU being the 542 measured length (in kb) and labelling time (in min) for IdU incorporation, respectively, and 543 l CldU and t CldU the corresponding parameters for CldU incorporation. 
